Prominent bulk pinning effect in the MgB2 superconductor 
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We report the magnetic-field dependence of the irreversible magnetization of the recently dis- 
covered binary superconductor MgB2. For the temperature region of T < 0.9Tc, the contribution 
of the bulk pinning to the magnetization overwhelms that of the surface pinning. This was evi- 
dent from the fact that the magnetization curves, M{H), were well described by the critical-state 
model without considering the reversible magnetization and the surface pinning effect. It was also 
found that the M{H) curves at various temperatures scaled when the field and the magnetization 
were normalized by the characteristic scaling factors H*{T) and M*{T), respectively. This feature 
suggests that the pinning mechanism determining the hysteresis in M{H) is unique below T = Tc. 
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I. INTRODUCTION 



In the mixed state, the magnetization of supercon- 
ductors is a combination of two different contributions, 
Mcq and Mir~. Moq is the equilibrium (or reversible) 
magnetizationEI and Mi„ is the irreversible magnetiza- 
tion. The former is caused by the equilibrium sur- 
face current. The latter arises from the surface (Bean- 
Livingston) barrier effect as well as the bulk pinning 
due to the interaction between vortices and various de- 
fects within the superconductor. The surface barrier orig- 
inates from the competition between two forces, (a) an 
attractive interaction between a vortex and its image vor- 
tex and (b) a repulsive interaction between a vortex and 
the surface shielding current. For high-Tc cuprate super- 
conductors, the irreversible magnetization at low tem- 
peratures is dominated by the bulk pinning. However, 
the role of the surface barriet effect becomes significant 
as the temperature increases Jj 

Recently, superconductivity in a non-cuprate binary 
compound MgB2 was discovered by Akimitsu et alu This 
material is known to be type II superconductor with thg 
Ginzburg-Landau parameter k ^ 26 and Tc ~ 40 K,lI 
and various experimental studiea3ll3 have been carried 
out to elucidate the fundamental properties of this new 
superconductor. 

In the mixed state, the magnetic behavior of MgB2 
has been known to resemble that of the conventional su- 
pesconductors such as Nb-Ti and NbSna . Larbalestier et 
alE showed that the parameter i/'^ -^^ AAf°-^ is linear in 
H over a wide range of temperature as in NbaSn, where 
the AM(oc Jc) is the magnetic hysteresis in M{H). They 
also reported the proportionality of the irreversible field 
H\„{T) and the upper-critical field Hc2{T), which are 
usually independent in high-Tc cuprates. 

In this work, we measured magnetization Af (H) of 
MgB2 superconductor as a function of the external mag- 
netic field to elucidate its pinning properties in detail. 
We found that the M{H) curves for various tempera- 



tures Gan be describe by the exponential critical state 
model.llJ From this analysis, we present evidence of the 
significant role of bulk pinning in this system even up 
to T/Tc ^ 0.9, which is contrary to the case of high-Tc 
cuprates. 



II. EXPERIMENTAL 

A cpmmercially available powder of MgB2 (Alfa 
Aesar)L3 was used to make a pellet. High-pressure heat 
treatipept was performed with a 12-mm cubic multi-anvil 
press.tStZl The pellet was put into a Au capsule in a 
high-pressure cell. A D-type thermocouple was inserted 
near the Au capsule to monitor the temperature. It took 
about 2 hours to pressurize the cell to 3 GPa. After 
the pressurization, the heating power was increased lin- 
early and then maintained constant for 2 hours. The 
sample was sintered at a temperature of 850 ~ 950° C 
and then quenched to room temperature. The sample 
weighed about 130 mg and was about 4.5 mm in diam- 
eter and 3.3 mm in height. The magnetization curves 
were measured by using a SQUID magnetometer (Quan- 
tum Design, MPMS-XL). 



III. RESULTS AND DISCUSSION 

Figure |l] shows the temperature dependence of the 
zero-field-cooled magnetization measured aX H — 20 Oe. 
From this figure, we found that the superconducting tran- 
sition temperature Tc and the transition width ATc were 
about 37 K and 1 K, respectivelyO 

Figure || shows the magnetization curves, M{H), of 
MgB2, which wer|e_measured in the temperature region of 
5 K < T < 33 K.Ea One notable feature is the symmetry 
in the increasing and the decreasing field branches, i.e., 
M{H+) = -M{H-), where M{H+) and M{H-) are the 
magnetizations in the increasing and the decreasing field 
branches, respectively. Such a feature can be commonly 
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found in previous reports.i&Ei This means that the con- 
tribution of the equihbrium magnetization and the sur- 
face pinning is neghgible compared to that of the bulk 
pinning. The irreversible magnetization can be deaecibed 
by various critical-state models. The Bean modell3 has 
been used to calculate the critical current density of su- 
perconducting materials. The model assumes that the 
slope dh{r)/dr is constant and field independent, where 
h{r) denotes the local magnetic induction inside a sam- 
ple. Thus, the critical current density (or irreversible 
magnetization) should also be field independent, which 
is contrary to most experimental results. 

Other critical-state rpedals, such as the exponential 
and the Watson models jl3'E2l which take into account the 
field dependence of the critical current density, can be 
used to describe the irreversible magnetization properly. 
In the frame of the Watson model, the critical current 
density, jc{h{r)), is given by 



Jc{h{r))=jo{l + \h{r)\/ho), 



(1) 



where jo and Hq are adjustable parameters which depend 
on the material. The exponential model proposes that 
the critical current density has the form 



3c{h{r)) = joexp(-|/i(r)|//io), 



(2) 



where jo and are again adjustable parameters as in 
the Watson model. According to Ampere's law, the field 
gradient inside a sample is given by 



dh{r) 
dr 



An 

-sgn{j)—jc{h{r)), 



(3) 



where sgn(a;) is the sign function and c is the speed of 
light. In cylindrical coordinates, we obtain an average 
magnetic induction (h) of a sample with a radius a 



{h) =B = H + 4ttM 



1 



^0 



h{r)d9dr. (4) 



If the surface barrier effect is ignored, the boundary con- 
dition for h(r) is h{r = a) = H, where H is the external 
magnetic field. 

Figure |^(a) shows our attempt to fit M (H) at T = 10 
K by using Eq. (Q) with the exponential critical-state 
model with joa = 697 emu/cm'^ and ho = 0.93 T. For the 
theoretical description of the M{H), we can choose an ar- 
bitrary number for a sample size, a, within the constraint 
that the multiplier joa is a constant. As one can see, the 
data are well described by the critical-state model with- 
out considering the contribution of the reversible mag- 
netization and the surface barrier effect. As stated be- 
fore, this implies that, in the mixed state in the MgB2 
superconductor, the magnetization mainly comes from 
the contribution of the bulk pinning effect. A fit using 
the Watson model was also attempted, but was poor for 
all adjustments of the parameters. The dashed line of 
Fig. ^(a) represents the average critical current density 



Jc{H) = {jc{h{r))) calculated from the decreasing-field 
branch of the theoretical magnetization curve assuming 
the grain size a — 2b fim. 

We note that the shapes of the M{H) curves shown 
in Fig. ^ are remarkably similar to each other. This sug- 
gests that the vortex pinning mechanism in MgB2 does 
not change even as the temperature is varied up to near 
Tc- More concrete evidence for this can be found from 
the scaling analysis of the M{H) curves. For the scaling 
of the M{H) curves, we define two phenomenological pa- 
rameters as shown in the inset of Fig. ||(b). H*{T) means 
the field where the magnetization in the increasing field 
branch reaches it's maximum value M*{T). We divided 
the M and the H in each curve of Fig. | by -Af*(T) and 
H*{T), respectively. The result is shown in Fig. y(b). 
Without any exception, all the curves collapse on a sin- 
gle universal curve. The solid line in the figure denotes 
the exponential critical-state model. This result is consis- 
tent with the scaling of the pinning force, Fp(H) oc HJc, 
in a temperature range of T > 0.5Tc reported by Lar- 
balestier et alE In the case of high- Tc cuprates, such 
scaling behavior of the M{H) curves is established in 
a limited low-temperature region. This implies that the 
fundamental mechanism determining the magnetic hys- 
teresis at low temperatures changes as the temperature 
is increased toward Tc- For Bi2Sr2CaCu208 (Bi-2212), 
while the bulk pinning is dominant at low temperatures, 
the contribution of the surface or geometrical barrier ef- 
fects to the magnetization becomes more important as 
the temperature is increased.B Thus, universal scaling of 
M{H) is not seen in Bi-2212. 

Figure^ shows the temperature dependence of the scal- 
ing parameters H* (T) and M* [T) used in the above anal- 
ysis. The right axis for H*{T) in the figure was corrected 
by the demagnetization factor D = 0.42. The value of 
D was obtained from the low-field susceptibility curve in 
Fig. assuming 100 % magnetic screening. It was obvi- 
ous that the M* and H*{T) - A-kM*{T)D scaled lineally 
with temperature as indicated by solid lines. The linear- 
ity in H*{T) — A-kM*{T)D requires a linear temperature 
dependence of the irreversible field H{„ where the mag- 
netic hysteresis disappears. This is because the normal- 
ized hysteresis curves M{H) for T < O.QTc collapsed into 
a single universal curve as we showed. In fact, a nearly 
linear Hi,-,- (T) jvas shown from the Kramer analysis of 
magnetizationfl This feature differentiates MgB2 from 
other cuprate high- Tc materials with TJji-i- ~ (Tc — T)^-^. 



IV. SUMMARY 



In summary, we measured the magnetization curves 
M{H) for the newly discovered metallic MgB2 super- 
conductor, which has a Tc ~ 37 K, in the region 5 K 
< T < 33 K and -5 T < fl" < 5 T. The magnetic hys- 
teresis in our experimental region was well described by 
the exponential critical-state model, without consider- 



2 



ing the reversible magnetization and the surface barrier 
effect. Also, we found that all the magnetization curves 
collapsed onto a single universal curve when the field and 
the magnetization were normalized by the characteristic 
scaling factors H* (T) and M* (T) , respectively. These re- 
sults load us to the conclusion that the irreversible mag- 
netization of MgB2 is dominated by bulk pinning and 
that the pinning mechanism does not change even when 
the temperature is varied up to T/Tc ~ 0.9. 
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FIG. 1. Zcro-fiold-coolcd magnetization, A/(T), of MgB2 
for H = 20 Oe. This curve reveals the superconducting tran- 
sition temperature Tc and the transition width ATc to be 
about 37 K and 1 K, respectively. 
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FIG. 3. (a) Magnetization curve, M{H), at T = 10 K. The 
solid line represents the theoretical curve for the exponential 
critical-state model. The line denotes the absolute value of the 
average critical current density Jc{H) — {jc{h{r))) calculated 
from the dccreasing-field branch of the theoretical magneti- 
zation curve at T = 10 K. (b) Scaling of the magnetization 
curves, M{H),m the temperature region 5 K < T < 33 K. 
The inset illustrates the definitions of M* and H* (see text). 




FIG. 4. Temperature dependence of phenomenological pa- 
rameters M* and H* — 4n M*D, where D is the demagne- 
tization factor of the sample. Solid lines represent linear 
least-squares fits of the data. 



FIG. 2. Magnetization curves, M{H), measured in the re- 
gion 5 K < T < 33 K and -5 T < < 5 T. 
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